Although phosphate fertilizers are commonly applied either by surface broadcasting or banding with the seed to dryland spring wheat (Triticum aestivum L.), data are limited on the residual effects of previous fertilization on plant growth and grain yield. This is especially true in regions where there are drought periods during the growing season. Therefore, the residual effects of P fertilization on spring wheat grown on Parshall fine sandy loam (Pachic haploboroll) were determined in a field study at Mandan, North Dakota. Fertilizer rates of 0, 20, 40, 80, and 160 kg P/ha were broadcast in 1968 to establish several levels of residual P in the soil. In 1969 subplots were established on each of the broadcast P plots, to which P was banded with the seed at the rate of 15 kg/ha either (i) repeated to the same subplot each year for 6 years, (ii) on a new subplot (previously unfertilized) each year, or (iii) not at all.
T HE LONG-TERM EFFECTS of fertilizing soils that vary
in their indigenous levels of phosphorus (P) are largely unknown. Since only a small amount of the fertilizer P is removed from the field with the harvested crop, the unused portion remains in the soil and is presumably precipitated in neutral soils as various compounds of calcium phosphate with relatively low solubilities. Thus, by continuously fertilizing the soil each year, the soil P pool may be increased, partially offsetting the decrease in soluble P resulting from removal by continuous cropping (5). Soils high in available P may promote luxury plant absorption of P without increasing crop yield (16) .
Soils in the northern Great Plains are generally low in P and respond to P fertilization (1, 12). There is general acceptance that only a small percentage of fertilizer P applied is utilized for crop growth, and the unused fertilizer will eventually enrich various soil-P pools (3, 15) . Moschler et al. (7) found that threequarters of the fertilizer applied remained in the soil after 40 years of cropping. Because of the chemical equilibrium involved with calcium phosphates and the microbial transformations involved with organic forms of P, some residual soil P from previous fertilization will become available to the crop in later years (4, 6, 9, 11, 13, 18) . McClelland (6) found that the residual effects of P fertilization were more important in determining yield responses than currently applied P. However, other studies (13) have shown that banding of P with the wheat seed was the most effective method of application, even on plots receiving large amounts of broadcast P.
Experimental data are limited on the residual effects of previous P fertilization on wheat yields under dryland conditions. Consequently, this study was designed to determine if infrequently applying relatively high rates of fertilizer P would enhance soil P availability enough to maintain spring wheat yields, or if annual banding of additional fertilizer P with seed each year would be required. These data are important because intermittent fertilization may provide savings in labor and application costs for the farm operator.
MATERIALS AND METHODS
A field experiment was conducted from 1968 through 1974 on Parshall fine sandy loam (coarse-loamy, mixed Pachic Haploboroll) at Mandan, N.Dak. to measure the residual effects of various rates of broadcast and banded-P fertilization on soil-P solubility. The residual effects measured included (i) soil P solubility, (ii) dry matter and grain yield of spring wheat (Triticum aestivum), (iii) plant P concentrations, and (iv) percent fertilizer P recovery.
The 15-cm depth of soil contained 0.09% N, 6.6 ppm NaHCCv soluble P, 0.0527o total P, 0.013% organic P, and a saturated paste pH of 6.8. This soil had been cropped in a rotation system from 1915 to 1934, after which grasses were established until 1966. The experiment was conducted on the same site each year, and straw remaining after harvest was plowed under the next spring.
The experimental design was a randomized block with splitplot treatment arrangement with three replications. Each of five main plots was 8.5 by 27 m and was separated by cropped alleyways (3 m wide). Main plot treatments consisted of triple superphosphate applied with a grain drill at 0, 20, 40, 80, and 160 kg P/ha rates and rototilled into the soil to the 10-cm depth before seeding to spring wheat in 1968. This year of uniform cropping allowed the fertilizer P to react with the soil minerals before we began plant and soil measurements in 1969. In 1969, main plots (broadcast-P rates in 1968) were split into eight subplots (2.2 by 13.7 m) and 15 kg P/ha was banded with the seed either (i) repeatedly on the same subplot each year for 6 years, (ii) on a new subplot (different plot) each of the 6 years (six subplots), or (iii) not at all (residual P only).
The 0 kg/ha banded P treatment was included to allow estimation of the residual effects of the 1968 fertilizer application. For banded treatments, 15 kg P/ha was placed with the seed, except in 1971 when 30 P/ha was inadvertently applied. Each year ammonium nitrate (NH 4 NO 8 ) at 56 kg N/ha was uniformly applied with a grain drill. The same spring wheat variety ('Waldron') was seeded annually at 84 kg/ha with a double disk press drill in 15-cm rows. Broadleaf weeds were controlled with 2,4-D (2,4-dichlorophenoxyacetic acid) herbicide.
Before fertilization each spring, two soil samples were collected from the no banded and the repeated banded P subplots from the 0-to 15-and 15-to 30-cm depths. We assumed plots receiving the 1-year only banded-P treatment had the same soil-test P levels as no banded-P treatment since these plots had been treated the same before sampling time each spring. All samples were analyzed for NaHCO 3 -extractable P. Soils were sampled for the last time in the spring of 1975. Average bulk density was measured with 5 cm diameter core samples taken from the 0-to 15-cm soil depth. These values were used to convert NaHCO 3 -soluble P values, as determined by the method of Olsen et al. (8) , to kilograms of P per hectare on a weight basis to facilitate calculations of percentage of fertilizer P recovered.
Samples of the plants were hand cut at the soil surface from a 1.9-m 3 area at 3 to 4 leaf stage, tillering, heading, and maturity. A 1.1-m plant border between harvested areas within each subplot was provided. Plant samples were oven-dried (70°C) and weighed for yield determination. Plant materials were wet ashed in nitric and perchloric arid, and P was determined by the molybdate color reaction. Each year grain was threshed and weighed from samples taken at the matured stage of growth. Appropriate orthogonal techniques were used to compare main and subplot treatments at the 5% probability level. Ambient air temperatures were recorded at the Northern Great Plains Research Center and precipitation was recorded at the plot site (3.2 km from the Center).
RESULTS AND DISCUSSION
Data are presented in Table 1 on dry matter production for this experiment, as an average for the 6 years of study. In general, differences in growth at any stage of growth resulting from the residual effects of the various rates of fertilizer P broadcast in 1968 were seldom significant at the 5% level, regardless of rate of broadcast application. However, significant increases from banding were obtained at all stages of growth. Also at all growth stages, repeated banding on the same plot produced significantly more plant growth than banding fertilizer P 1 year only. A significant interaction between residual effects of the broadcast treatments and the annual banding treatments was measured at 3 to 4 leaf stage and at heading, but not at tillering or at maturity. Consequently, these results indicate that spring wheat growth was responsive to annual banding of 15 kg P/ha with the seed, regardless of previous P fertilizer practices.
Spring wheat grain yield data are given by year in Table 2 . In most years, responses to either annual banding (current or repeated) and to residual effects of the 1968 broadcast treatments were small and were seldom significant at p = 0.05. The few exceptions noted involved significant differences between the residual broadcast treatments. In no year were yield responses from banding treatments statistically significant at this level of probability. However, total 6-year production was significantly increased by the residual effects of the highest rate (160 kg P/ha) of broadcast fertilization and by repeated annual banding of fertilizer P. The interaction between residual effects of the 1968 broadcast treatments and annual banding was not significant.
In general, the data reported in Table 2 lead to the conclusion that residual effects of the 160 kg P/ha rate broadcast in 1968 increased grain yields an average of about 10%. In addition, banding of annual repeated fertilizer P with the seed also resulted in an average yield increase of about 10%. About half of this increase resulting from the first year banding of P and the other half from residual effects of repeated annual banding. The combined results of residual effects of the 1968 broadcast treatments and the banding treatments were additive, providing up to a 20% response in grain yield for both treatments combined (total production of 9,960 kg/ha for no P from either source, and 12,500 kg/ha where maximum residual affects of both the 1968 broadcast P and repeated banded P were expressed). (1969) (1970) (1971) (1972) (1973) (1974) for spring wheat at various growth stages as affected by P broadcast in 1968 and annual banded-P treatments. Table 3 shows that average plant P concentrations (1969) (1970) (1971) (1972) (1973) (1974) were significantly increased by both the broadcast and banded P treatments at all plant growth stages. As the rate of broadcast P increased, plant P concentrations usually increased. Generally, the residual effects of the 1968 broadcast P were greatest at the 80 and 160 kg P/ha rates. Interactions between the effects of applied-and banded-P treatments were significant only at tillering. Plant-P concentrations were generally increased by banded-P treatments, regardless of broadcast-P treatment. Average P concentrations in grain were 0.42, 0.41, and 0.41% for the repeated, 1-year only, and no banded-P treatments, respectively.
Plant P concentrations were significantly correlated with dry matter (r -0.287*) and grain yields (r -0.264*). However, these correlation coefficients were too low for predictive purposes. These relatively low correlation coefficients may have resulted from the luxurious consumption of P by wheat on soils enriched by the higher broadcast P rates, with no concurrent effect on crop growth and yield. Other studies (5, 16) have also shown similar results. Figure 1 shows the residual effects of broadcast P on the levels of NaHCO 3 -soluble soil P in the 0-to 15-cm soil depth. With no banded P, concentrations of NaHCO 3 -soluble soil P in spring 1969 increased as the rate of P broadcast in 1968 increased. However, for all rates of broadcast P, NaHCO 3 -soluble P levels decreased with time. This probably resulted from Pfixation reactions as well as continued crop removal of P. This effect has been observed by other investigators (2, 4, 14) . The levels of NaHCO 3 -soluble soil P for the 20-kg P/ha broadcast treatment approached that of the check after only a few years of cropping, whereas this did not occur for the 40-kg P/ha broadcast treatment until after about 6 years. At the end of the experiment, NaHCO 3 -soluble P levels were considerably higher for the 160-kg/ha broadcast-P treatment than for other treatments.
Unlike the decreasing trends in NaHCO 3 -soluble P levels observed when no P was banded annually, repeatedly banding P with seed increased NaHCO 3 -soluble P levels in the soil during the 6-year period. An exception was the 160 kg P/ha broadcast treatment where extractable P levels were still decreasing (Fig.  1) . After 1969, concentrations of NaHCO 3 -soluble P were considerably higher for the repeated banded treatments than for no banded treatments. Repeated banding of 15 kg P/ha for 5 years increased NaHCCv soluble P levels to that found 1 year after broadcasting 80 kg P/ha in 1968. These results indicate that repeated banding of P may increase soil P levels over a period of years, to levels similar to those obtained by broadcasting similar quantity of fertilizer P for 1 year only. Possibly, not all soils will react in this manner. Learner (4) reported that forage yields were closely correlated with percent P in hay and NaHCO 3 -extractable soil P during the first 4 years of his experiment. In our study, percent P in matured dry matter (r = 0.402*) and percent P in matured grain (r = 0.254*) were correlated with NaHCO 3 -soluble soil P in the 0-to 15-cm depth. Linear regression analysis also showed that grain yields were significantly correlated (r -0.254*) with NaHCO-soluble P levels in the 0-to 15-cm soil depth. However, there was no significant correlation between NaHCO 3 -soluble P levels in the 0-to 30-cm soil depth and grain yields. These linear regression analyses were based on all treatments and values over the 6-year period. However, in all cases, correlation coefficients were too low to have predictive value.
Cumulative recovery of fertilizer P by spring wheat grain was determined for all treatments from 1969 through 1974. Since the straw was returned to the soil on all plots during seedbed preparation each spring, P uptake by grain and not by the whole plant was considered as P removed from the soil-plant system. Recovery of fertilizer P during the 6-year cropping was calculated for each treatment by Eq.
[1]
" (Pf -PC) % recovery = -^-=--'-X 100.
where Pf and PC = total P uptake by grain from fertilized and from corresponding control plots, respectively, and P = total applied P (broadcast only or broadcast + banded P). Cumulative recovery of P by grain was highest (about 30%) for the 20-kg/ha broadcast-P treatment (with no-banded P) (Fig. 2) . Recovery of P was least for the 160-kg/ha broadcast-P treatment. For the P treatments banded 1 year only, 10% of the fertilizer P applied over the 6 years was recovered from the plots receiving the 20-and 40-kg/ha broadcast-P rates. Even lower P recoveries were measured for the two highest broadcast P rates. Fertilizer P recoveries were lowest when P was repeatedly banded to the same plots each year. Recoveries for repeated banded treatments ranged from 6 to 1.5%, depending on original broadcast P rates.
These data showed that P broadcast at 20 and 40 kg/ha resulted in more efficient fertilizer recovery than that for higher P rates. As usual P recoveries from fertilizer were low. From a long-term crop study, Thomas (17) and Campbell (2) reported that the maximum P recovery from residual effects under dryland or irrigation was 5.6 or 7.2% per year. The best recovery in our study from residual effects showed a comparable level of 5% per year. With annual banding, more total P was applied and this caused the denominator in Eq.
[1] to become larger faster than the numerator. Since plants don't usually luxuriously use P, an immobile nutrient, the numerator (P uptake) can't increase fast enough to allow increased percent recovery by terms of the equation. However, responses obtained from the residual treatments indicates that there was some continuous utilization of this immobilized fertilizer P as it equilibrated with plant-available forms in the soil solution.
CONCLUSIONS
Residual effects of P fertilization on wheat yield are an important aspect in the nutrition of spring wheat. Although the residual effects of applied P were measurable in terms of increased grain yield, additional banding of P was required to maximize grain production, regardless of amount of fertilizer P previously applied. Our results, as well as those of others (15), showed that only a small percentage of the fertilizer P was recovered in the harvested grain. The remaining (unaccounted for) fertilizer P may be largely immobilized in organic forms or precipitated in various calcium phosphate minerals, both of which may later be partially decomposed or solubilized, making some of this P available for use by subsequent crops. Fertilizer P reactions of this nature were probably responsible for the observed residual effects of both the broadcast and banded P treatments used in this study.
Even though many treatments resulted in NaHCOasoluble P levels above 15 ppm (about 25 to 30 kg/ha NaHCO 3 -soluble P) repeated (annual) banding 15 kg P/ha with the seed increased yield (6 year average) rather uniformly by about 200 kg grain/ha an approximate 10% increase in yield. Apparently, yield responses to banded P can be obtained from soils that would not be expected to be responsive based on the NaHCO 3 -soluble P levels (8). This finding may be explained by the results of Power and et al. (10) who found that high levels of available P in soils help to alleviate the adverse effects of cool soil temperatures for barley production. Banding P with the seed for spring-planted wheat may therefore be beneficial in stimulating growth in the cool springs of the northern Great Plains.
